Salamanders, frog tadpoles, and lizards possess the remarkable ability to regenerate tails. The fossil record suggests that this capacity is an ancestral tetrapod trait, yet its evolutionary history remains unclear. Here we examine tail regeneration in a living representative of the sister group of tetrapods, the West African lungfish Protopterus annectens. We show that, as seen in salamanders, lungfish tail regeneration occurs via formation of a proliferative blastema and restores original structures including muscle, skeleton and spinal cord. Contrary to lizards and similar to salamanders, lungfish regenerate spinal cord neurons and reconstitute dorsoventral patterning of the tail.
Introduction
Salamanders and Xenopus tadpoles have the remarkable capacity to regenerate various body parts, including their tails and spinal cord. In both species, tail regeneration initiates through a comparable sequence of events: soon after tail amputation a wound epithelium forms and covers the injured site. Wound healing is followed by the thickening of the wound epidermis, giving rise to the apical epithelial cap (AEC). After initial wound healing, tail regeneration in salamanders and Xenopus tadpoles shows significant differences. In salamanders, undifferentiated cells accumulate at the amputation site, giving rise to the blastema [1] . Conversely, in tadpoles, a mass of undifferentiated cells accumulates around the neural ampulla and notochord tip forming a blastema-like cell population also known as the regeneration bud [2] . In addition, in salamanders, dedifferentiated cells play a large role in restoring muscle tissue [3] , whereas in tadpoles this is achieved chiefly via proliferation of Pax7+ satellite cells [4, 5] . Nevertheless, tadpoles and salamanders restore all tail associated tissues such as spinal cord, muscle, vasculature and other tissues.
Lizards are the only amniotes capable of tail regeneration, which often occurs in association to autotomy, when the animal sheds off its own tail. After loss of the tail, a wound epidermis forms and numerous mesenchymal cells of undetermined origin accumulate to produce the regenerative blastema. However, instead of regenerating the spinal cord and associated skeleton as seen in uninjured tails, a simple ependymal tube forms enclosed by an unsegmented cartilage tube [6] [7] . In lizards, this simpler version of the original spinal cord and tail skeleton results from failure to recapitulate the embryonic dorsoventral expression pattern of genes responsible for establishing roof plate, floor plate, and lateral domains of the neural tube. Specifically, contrary to salamanders, floor plate markers Shh and FoxA2 in lizards are expressed along the entire regenerating ependymal tube, which consequently acquires a floor plate identity [8] .
Great advances have been made in the past 15 years in our understanding of the molecular program of tail regeneration. Studies in Xenopus tadpoles have identified a sequence of major molecular events leading to successful tail regeneration. In summary, upon injury, TGF-b signaling mediated by smad2/3 is required for formation of the wound epidermis [9] . Extracellular matrix (ECM) remodeling, reactive oxygen species (ROS) signaling and inflammation are also among the first responses to tail injury [10] . Transcriptomic analysis of genes upregulated in the tail AEC identified pan-AEC factors that act both in regenerating limbs and tails, as well as two tail-specific AEC factors, Angptl2 and Egfl6 [11] . Recently, single-cell RNA-seq identified an epidermal cell type termed regeneration-organizing cell (ROC) that relocates to the wound epithelium at amputation plane and is required for tail regeneration [12] . ROCs express genes from pathways known to be necessary for regeneration, such as the Wnt and Fgf pathways. As the regeneration bud forms and tail outgrowth occurs, additional signaling pathways are deployed, such as Bmp, Egf, Shh, Tgf-b and Notch pathways, among others [3] [4] 10, 13] . RNA-seq analysis of isolated proliferating blastema cells revealed blastema-enriched genes such as Il11, Cse1l and L1td1-like [14] .
Pharmacological approaches have established roles for histone deacetylases [15] and for Hyaluronan, an ECM component [16] . Finally, functional studies have identified specific genes required for regeneration, as CRISPR/Cas9-mediated knockdown of Il11 blocks tail regeneration in Xenopus [17] .
Salamanders are the only tetrapods that can fully regenerate tails as adults.
Various pathways required for tail regeneration in Xenopus tadpoles are also necessary for salamander tail regeneration. Pharmacological inhibition of Wnt, Fgf and Tgf-b pathways [13, 18] , ion channels [19] , or Shh signaling [18,20] block salamander tail regeneration. Pharmacological inhibition of Wnt signaling alters the expression profiles of genes associated with multiples pathways implicated in tail regeneration in Xenopus, such as Egf, Notch, and others [13] . Axolotl regenerating spinal cords also display upregulation of genes linked to immune and inflammatory response, ECM remodeling, and genes encoding morphogens such as Shh, Bmps, Wnts and Fgfs [21] . Finally, specific genes have been associated with the early steps of tail regeneration, as morpholino-mediated knockdown of the axolotl Marcks-like protein (AxMlp), an extracellular protein, blocks tail regeneration [22] .
The molecular profile of lizard tail regeneration has also been examined in recent years. RNA-seq analysis comparing tail versus limb blastema in the common wall lizard (Podaris muralis) revealed genes exclusively upregulated in the regenerating tail, which include those coding for growth factors (Wnts, Shh, Bmps, Fgfs) as well as genes within broad categories of ECM, inflammation and immunity, metabolism and cytoskeleton [23] . A similar molecular profile was observed in the regenerating tail proteome of the northern house gecko, Hemidactylus flaviviridis, which showed enrichment for peptides involved in immune response, ECM remodeling, Fgfs and Bmps [24] . In the green anole lizard (Anolis carolinensis), the distal tip of regenerating tail at 25 days post amputation (dpa) is enriched for genes that fall in gene ontology (GO) categories of wound response, immune response, hormonal regulation and embryonic morphogenesis [25] .
Furthermore, studies on tail regeneration in geckos have uncovered roles for ROS signaling [26], Tgf-b signaling [27] and Fgf signaling [28] .
Gene expression data from tail regeneration in various tetrapod species is beginning to shed light into a general molecular profile of successful tail regeneration.
Whether tetrapods share an ancestral tail regeneration program is yet unknown. Recent fossil evidence of caudal autotomy has been described for ancient reptiles dating from the early Permian [29] and evidence of tail regeneration has been uncovered in lepospondyl microsaurs on the amniote stem group [30] . These findings suggest that tail regeneration may be an ancestral feature of tetrapods. Lungfish are the extant sister group of tetrapods and, like salamanders, are capable of regenerating complete tails as adults ( figure 1 ). This remarkable capacity was first reported nearly 150 years ago [31] and documented in the laboratory half a century ago [32] . Since then, despite its potential as a model research system for regenerative medicine and important position as a phylogenetic outgroup to tetrapods, no reports on lungfish tail regeneration have followed.
Here we show that lungfish tail regeneration involves the formation of a proliferative blastemal cell population and the restoration of original tail structures including muscle, spinal cord and tail fin skeleton. As seen in salamanders and frogs, lungfish tail skeletal and spinal cord tissues regenerate neurons and display dorsoventral patterning similar to that observed in the original tail. Further, we show that Shh signaling, fundamental for amphibian tail dorsoventral patterning and regeneration, is also required for lungfish tail regeneration. RNA-seq analysis of lungfish uninjured and regenerating tail blastema revealed that lungfish deploy a blastema genetic program similar to that reported in tetrapods, showing upregulation of genes involved in Fgf, Wnt, Tgf-b, Shh, Bmp, Egf, signaling pathways as well as in inflammatory response, ECM remodeling and stem cell maintenance. Interestingly, lungfish tail blastema showed marked upregulation of transposon-derived genes and components of post-transcriptional RNA processing. Our findings suggest that tetrapods and lungfish share a core genetic program for tail regeneration and establish lungfishes as a novel research system for tail regeneration. eosin (Sigma-Aldrich) and imaged on a SMZ1000 stereoscope (Nikon). Tails were cleared and stained as described previously [33] .
Methods
(c) Cell proliferation assay and immunohistochemistry 5-bromo-2-deoxyuridine (BrdU) was injected intraperitoneally into anesthetized lungfish (80 mg per kg of body weight), 24 h before tail tissue collection to observe cell proliferation. Overnight-fixed tissues were transferred to 30% sucrose, flash frozen in OCT blocks; longitudinal and transverse sections (20uM thickness) were obtained as described in the preceding section. Sections were permeabilized in 2N HCl solution at 37 o C for 15 minutes, followed by washes in 0.1M borate buffer and in PBS tween (0.1% tween in 0.01M PBS). A treatment with 0.1% trypsin at 37 o C for 15 minutes was performed and followed by a wash in PBS tween. Unspecific labelling was blocked with 5% normal goat serum diluted in 0.01 M PBS with 0.5% Tween and 1% bovine serum albumin for 1 h at room temperature. Sections were then incubated with mouse anti-BrdU primary antibody (1:200, Sigma-Aldrich, cat. number B8434) in 0.01M PBS with 1% bovine serum albumin and 0.5% Tween overnight at 4 o C. On the next day, sections were incubated with the Alexa 488 conjugated goat anti-mouse secondary antibody (1:400, ThermoFisher Scientific, cat. number A-11001) for 2 h at room temperature and slides were mounted and counterstained with Fluoromount with DAPI (ThermoFisher Scientific). For immunohistochemistry, bIII-Tubulin immunostaining (mouse monoclonal, 1:500, Sigma-Aldrich, cat. number ab78078) was performed using the same procedure, followed by incubation with the Alexa Fluor 594 goat anti-mouse secondary antibody (1:1000, ThermoFisher Scientific, cat. number A-11005). additional runs of other regenerating tail stages (1 dpa and 21 dpa) showed high variation in read counts among replicas and were used only to help produce a comprehensive de novo lungfish reference transcriptome assembly.
(e) Bioinformatic analysis
The West African lungfish reference transcriptome was assembled de novo using Trinity with default parameters [34] . For each run, all read datasets were mapped to reference transcriptomes using CLC genomic workbench with default parameters (Qiagen). Expression data per transcript were summed by human homolog gene cluster using a bash script (HHGC). As previously described [35] , the HHGCs were defined by grouping transcripts with an e-value of 10 -3 when compared by BLASTx against Human NCBI RefSeq database (11/2016) . For each HHGC, the expression was calculated in TPM, and the comparison was based on t-test considering two conditions (Uninjured tail and tail blastema) with three independent biological replicates. Similarity matrix between runs was calculated using TPM values for each HHGC, using Spearman rank correlation in Morpheus software (https://software.broadinstitute.org/morpheus). A list of enriched GO terms was produced using WebGestalt 2019 [36] . Differentially expressed genes with false discovery rate (FDR) adjusted P values smaller than 0.05 were ranked from highest to lowest fold change values, and the corresponding ranked list of gene symbols was used for GO enrichment analysis. GO enriched categories were significant when P values were 0.05 or less. Venn diagrams were generated using BioVenn [37] .
(f) Statistical analysis
For each transcript and HHGC, mean TPM value between uninjured tails and tail blastemas were compared with a two-tailed t-test. A transcript or HHGC was deemed differentially expressed when its fold change is superior to 2 or inferior to -2 and FDR adjusted P value is inferior to 0.05. GO enrichment and pathway over-representation analyses were performed using WebGestalt 2019 web-based tool. Sections were fixed as previously described [35] and stored at -80°C for haematoxylin and eosin staining, or in situ hybridization. Riboprobe templates for in situ hybridization were produced by a two-round PCR strategy: first-round PCR produced specific fragments (400-500 bp) of selected genes and in a second PCR a T7 promoter sequence was included at either 5'or 3'end of the fragments for generation of templates for sense or anti-sense probes. The primers used were: Col12a1 forward: Fig S1) Il11, a gene highly upregulated and required for tail regeneration in Xenopus tadpole, was also among the most highly upregulated in our dataset (FC = 34.95) (electronic supplementary material, table S1). The lungfish ortholog of AxMlp, required for axolotl tail regeneration, showed moderate upregulation in lungfish tail and FDR value just above our cutoff (FC = 1.41, FDR = 0.06). The lungfish ortholog of Vwde, a gene highly expressed and required for axolotl limb regeneration and associated with successful Xenopus tadpole tail regeneration, was highly upregulated in lungfish, however with an FDR value above our cutoff (FC > 57. 45 , FDR = 0.08) [39] .
Furthermore, Angptl2 and Egfl6, identified recently as tail-specific AEC factors, are both upregulated in our lungfish tail blastema dataset (FC = 3.67 and 7.62, respectively) (electronic supplementary material, table S1). Finally, we examined a set of 10 genes recently reported to be expressed preferentially in the tail blastema of Xenopus tadpoles relative to embryonic tail bud [14] . We found that of 3 out of 10 genes were Xenopus-specific genes, and 1 gene was not contained in our annotated lungfish reference transcriptome. Of the 6 remaining, 3 were upregulated in our lungfish dataset, namely Il11, Cse1l (FC = 2.77), L1td1 (FC = 10.52), and 1 gene, cd200, was upregulated with an FDR value above our 0.05 cutoff (FC = 5.94, FDR = 0.09).
Taken together, the transcriptomic profile of lungfish tail blastema relative to uninjured tail tissue showed remarkable resemblance to the expression profiles reported for tetrapods, particularly those of salamander and Xenopus.
(d) Genes enriched in lungfish tail blastema versus pectoral fin blastema
Next we sought to compare our tail blastema dataset to previously published data on South American lungfish pectoral fin regeneration [33] . Comparison of 1072 upregulated genes in tail blastema to the 843 genes upregulated in pectoral fin blastema revealed an overlap of 225 genes. Pathway enrichment analysis showed that this overlapping dataset included genes involved in collagen metabolism, ECM organization and mitotic cell cycle, all of which represent categories commonly found in regenerating tissues (figure 4d). Interestingly, genes exclusively enriched in tail blastema relative to pectoral fin blastema were involved in pathways related to posttranscriptional RNA processing, including transport of mature transcript to cytoplasm, processing of capped intron-containing pre-mRNA, mRNA splicing and metabolism of RNA (figure 4d). These results suggest that post-transcriptional RNA processing may play a more significant role in tail versus pectoral fin regeneration.
(e) Upregulated transposon-derived genes in the lungfish tail blastema Transposable elements and genes derived from retrotransposon have been previously implicated in regeneration in species as distantly related as sea cucumbers [40] and axolotls [41] . Two genes derived from transposons were found enriched in the tail blastema of Xenopus tadpoles [14] : oax, which is a Xenopus-specific repetitive element [42] , and l1td1-like, which is similar to l1td1, a mammal-specific L1 transposon-derived gene previously identified as a marker of human embryonic stem cells [43] . We searched our lungfish dataset for transposon-derived genes and found 16 genes, including an ortholog of l1td1-like, the harbinger transposon-derived gene Harbi1, and the piggyBac transposon-derived gene Pgbd4 (figure 4e). Our findings indicate that transposon-derived genes may consist in important components of the regenerative response induced upon tail injury in the lungfish.
Discussion
Our results reveal extensive morphological and molecular similarities between lungfish and salamander tail regeneration. Lungfish tail amputation is followed by the formation of a highly proliferative wound epithelium at 1 dpa, which thickened to form an Transposable elements and genes derived from retrotransposon are widely upregulated in the lungfish tail blastema. Previous study on the West African lungfish transcriptome identified large diversity of active transposable elements, which may have played a role in the expansion of the lungfish genome [44] . This was also shown to be the case in the Iberian ribbed newt Pleurodeles waltl [45] , the axolotl [46] and the coelacanth [47, 48, 49] . In P. waltl, the transposable element family that expanded the most was the Harbinger transposon family, which has given rise to two vertebrate protein-coding genes, Harbi1 [50] and Naif1 [51] . In the Coelacanth, Harbinger elements account to 4% of the genome and were shown to possess transcriptional and enhancer activities in vivo [48] . In our dataset, the lungfish Harbi1 orthologue was among the highest differentially expressed transposon-derived transcripts. Interestingly, Harbi1 is not upregulated during regeneration of the lungfish pectoral fin [33] or P. waltl limb [44] , suggesting that it may play a role in cell populations specific to the tail. Future studies aimed at functionally evaluating the roles of transposon-derived genes such as Harbi1 may help uncover context-specific roles in development and in regeneration.
Lungfish are an emerging model system for studies in tail and spinal cord regeneration that can inform both the history and mechanisms of regeneration. Our results support the hypothesis that tail regeneration in salamanders, frogs, and lungfish share a common evolutionary history. A more detailed investigation of initial stages of regeneration leading to the blastemal formation in both lungfishes and salamanders may uncover a shared molecular and cellular program of regeneration. 
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